Certain strains of Streptococcus faecalis when grown under highly aerobic conditions acquire a mechanism that permits them to oxidize a number of substrates without accumulating H202, and in addition enables them to rid the medium of added H202 during the metabolism of these substrates (Seeley and VanDemark, 1951) . This mechanism does not involve catalase or the common hematin-containing peroxidase found in vegetable material.
than from the anaerobic growth, a value that corresponds favorably to growth measurements made turbidimetrically and previously reported by us. Equal weights of each crop (1.743 g) were extracted overnight with 50 ml of 75 per cent methanol after the method of Warburg and Christian (1933) . The yellow solution obtained from the aerobically-grown cells was highly fluorescent under ultraviolet light. The color disappeared on the addition of sodium hydrosulfite, but returned on reoxidation with concentrated hydrogen peroxide. In the absence of excess sodium hydrosulfite, reoxidation was accomplished by merely shaking. The extract of anaerobically-grown cells was slightly yellow and showed a slight fluorescence. A quantitative colorimetric examination of these solutions using a 460 m,u filter gave a value of 1.5 jig of riboflavin per ml for the extract of anaerobically-grown cells and 2.9 ,ug per ml for the extract of aerobicallygrown cells. An additional measurement of the riboflavin content of these extracts, made on a Farrand fluorometer by the method of Burch, Bessey, and Lowry (1948) , gave somewhat lower values, 0.71 ,ug of riboflavin per ml of extract of anaerobically-grown cells and 1.74 ,ug per ml of extract of aerobically-grown cells. The fluorometric values are probably more accurate since corrections can be applied for residual fluorescence following reduction of the riboflavin with sodium hydrosulfite. Confirmation of the marked riboflavin differences between the cells was obtained using the microbiological assay method of Snell and Strong (1939) . Anaerobically-grown cells from 100 ml of beef infusion broth were centrifuged and without washing were resuspended in 5 ml of distilled water. A crop of aerobically-grown cells was treated similarly but was diluted carefully to equalize suspensions of the two types of cells (turbidimetric determination) in a 5 ml portion. The two portions were boiled for 30 minutes, the cells were discarded, and the supernatants were assayed for riboflavin using Lactobacillus casei. The results indicated 1 Mg of riboflavin per ml of extract of aerobically-grown cells and 0.4 ,ug per ml of extract of anaerobically-grown cells, and compare closely to the fluorometric results in showing about 2.5 times more riboflavin in the aerobically-grown cells.
The boiling of equivalent weights of cell suspensions in water resulted in a color difference great enough so that the extract of aerobically-grown cells could be distinguished visibly from the extract of anaerobically-grown cells. Experiments with a synthetic medium revealed that S. faecalis cannot grow aerobically or anaerobically without added riboflavin, suggesting that the larger amount of flavin found in the aerobes was concentrated there from riboflavin present in the medium. Following centrifugation of the cells from the media, the first wash water from the aerobically-grown cells contained considerably more yellow pigment than did the first wash water from the anaerobically-grown cells, indicating that a large proportion of the riboflavin in the aerobically-grown cells exists in a free state in or on the cells, or is present in a loosely bound form.
Quantitative influence of riboflavin on the formaion and disposal of peroxide by aerobically-grown cells. Four 100 ml portions of synthetic mediuim in 2 liter
Erlenmeyer flasks containing 0.3 per cent glucose, and containing 1.5, 15, 45, and 90 ,ug of riboflavin, respectively, were inoculated with 1 per cent of an active washed culture of S. faecalis that had been grown under seal. The flasks were placed on a shaker and at 30-minute intervals during the subsequent incubation at 32 C, 1 ml portions were removed, diluted to 5 ml with distilled water, and tested for free peroxide by the method of Main and Shinn (1939) and for relative cell populations by turbidimetric measurement. The data on peroxide are presented in figure 1 . The peroxide present in the medium at the time of inoculation was produced spontaneously as a result of the flasks standing overnight following sterilization. The relationship between the riboflavin content of the medium and the formation of free peroxide by the culture is direct. The interesting feature of these data is the rapid initial production of peroxide and the equally rapid disappearance of peroxide as the organisms acquired the peroxidative mechanism. The peaks of the curves correspond to the point where the activity of the peroxidative agent has equaled the peroxide-producing capacity of the respective systems, and the descending curve marks the utilization of free peroxide. Following the disappearance of free peroxide from all the media at about the fifth to sixth hour, free peroxide appeared again. This effect is especially noticeable in the curve for the medium containing 90 jig of riboflavin. The addition of a small portion of glucose to this medium at the ninth hour of incubation resulted in the immediate disappearance of the free peroxide (point A, figure 1), indi-1951] cating that the reappearance of free peroxide was the result of exhaustion of the substrate. The reversal of the free peroxide curve in this manner was done in additional experiments in which it was found that after the addition of glucose, the lapse of time before free peroxide again appeared in the medium was a function of the amount of glucose added. Tests made for free peroxide, after all flasks had stood quietly overnight, showed that the final concentrations of peroxide bore a direct relationship to the riboflavin content of the medium (point B, figure 1 ), indicating that hydrogen present on the flavin at the time the substrate runs out is released to form H202.
In spite of the wide variation of the riboflavin content of the media, and the subsequent differences in peroxide turnover, the cell populations in all four media did not differ appreciably from each other at any reading during the experiment; i.e., the extra hydrogen transport in the medium of high riboflavin content did not alter the rate of cell growth and did not result in a greater crop.
(At the 22-hour reading the flask containing the highest concentration of riboflavin had more cells than the others, but this was attributed to the extra glucose added as described.) It follows that any observed differences could not be attributed to greater numbers of cells in one of the media.
Accordingly, since the cell populations were constant under these conditions and since within limits reduced flavin is a controllable variable, the following experiment was arranged to test the relation between the amount of reduced flavin in a system and its capacity to absorb added hydrogen peroxide. Cells were grown in the synthetic medium at three levels of riboflavin, 20 ,ug, 40 ug, and 90 ,ug per 100 ml. After about 5 hours during which free peroxide had appeared and disappeared in a manner consistent with the data in figure 1, 0.5 g of glucose and 300 ,ig of H202 were added to each flask. Thirty minutes later an additional 600 ug of H202 were added to each flask, and tests for remaining free peroxide were made on 1 ml portions removed at intervals from each of the three media. The results are shown in figure 2, in which the curves show the residual free peroxide in each medium. It is apparent from these data that the medium containing 90 ,ug of riboflavin reacted the most rapidly with the added peroxide. The medium containing 40 Mg of riboflavin was intermediate, and the medium containing the lowest concentration of riboflavin, 20 ,ug per 100 ml, reacted the least rapidly. These data reveal that the absorbing capacity of the culture for free peroxide is relative to the content of reduced flavin, and support the hypothesis that the peroxidation is due to a reaction between H202 and reduced riboflavin or some reduced flavin compound associated with hydrogen transport.
As already indicated, with a favorable balance between riboflavin and glucose, adaptation of the cells to oxidative conditions occurs, and hydrogen peroxide, initially generated in the system, is later disposed of (figure 1). Additional experiments showed that by adjusting the riboflavin concentration of the synthetic medium to the level of 140 jig per 100 ml, it was possible to force a high initial peroxide production which the inoculum of anaerobically-grown cells was unable to dispose of completely when the cells were limited to a 0. duced no free peroxide in the medium until the substrate was exhausted. This is shown in figure 3 .
The celis that developed from the anaerobic inoculum in the previous experi- Tubes were incubated 1 hour at room temperature, centrifuged, 1 ml of supernatant diluted to 5 ml with H20 for colorimetric analysis on a "kromatrol" colorimeter. Aerobically-grown and anaerobically-grown cells were cultured in 100 ml beef infusion broth, centrifuged, washed, and resuspended in 5 ml H20.
in the presence of an oxidizable substrate. The total crop of aerobically-grown cells from 100 ml of beef infusion broth (0.1 per cent glucose, 18 hours, 32 C) was suspended in 5 ml of water without washing and boiled for 60 minutes. Following this, cell particles were cenirifuged off, and the clear yellow liquid that remained was oxidized with H202 to the point that showed a slight excess of H202 (Main and Shinn test) after 1 hour of incubation at room temperature, indicating a neutralization of reducing groups. One ml of this material added to anaerobically-grown cells enabled them to utilize added peroxide in the presence of glucose in a way comparable to that of the aerobically-grown cells. Table 1 contains these data. In the absence of the dehydrogenase system supplied by the anaerobically-grown cells, an equivalent amount of the aerobic extract alone did not react with the added peroxide. These results rule out peroxide disappearance by a spontaneous chemical reaction and suggest a coenzyme function for the active agent.
The hypothesis that reduced riboflavin or a reduced form of riboflavin is reacting with H202 is substantiated by the experimental evidence. The factors concerned in the rise and fall of free peroxide (figure 1) could be explained as follows. In the early stages of cell growth, hydrogen from the substrate is passed through carriers, the terminal carrier being riboflavin or a coenzyme form of riboflavin, resulting in an accumulation of considerable amounts of free peroxide in the medium. Simultaneously, under the stimulatory effect of aerobic conditions, a chemical alteration of one of the components of the system occurs, which new form when in a reduced state is capable of reacting with free peroxide. An alternate possibility would be a postulation of the synthesis of some completely unknown compound that makes possible a reaction between H202 and a reduced carrier by some such influence as a reversal of the equilibrium. The time lag necessary for an inoculum of anaerobically-grown cells to accomplish this alteration or synthesis shows up in the data of figure 1. Cells previously grown under aerobic conditions and which possess the peroxidative ability produce no free peroxide when introduced into a new medium (figure 3). As the peroxidative characteristic is acquired in a culture, the free peroxide disappears by a reaction with a reduced carrier. Once adapted to aerobic conditions the culture no longer produces free peroxide in the medium in detectable quantities even though a very active oxidation is occurring.
The possibility that the key compound in the peroxidation reaction is a form of riboflavin is strengthened by the observation that the capacity of a given culture adapted to aerobic conditions to react with artificially added hydrogen peroxide bears a direct relationship to the riboflavin content of the medium (figure 2). The demonstration that the active agent is a heat-stable water-soluble compound, which when added to anaerobically-grown cells in the presence of glucose enables them to dispose of added peroxide, suggests that it functions as a coperoxidase with the normal protein components of the oxidizing system. This interpretation hinges on the probability that any apoenzyme from the aerobically-grown cells would not survive heating at 100 C for 60 minutes.
A direct approach to the study of the peroxidative reaction has been hampered by our failure to this point to find an effective method to maintain reduced flavin under oxidative conditions. The various chemical reducing agents we have employed interfere with the reaction or with subsequent tests for H202. Inasmuch as we have been dependent on the coupled reducing systems of the cell to maintain reduced flavin, we have been unable to separate the peroxidative reaction itself from the flavin hydrogen transports of the cells (if indeed such a separation is possible) so that the reaction can be studied discretely. In spite of the apparent intimate implication of riboflavin in the peroxidation, we cannot overlook the possibility that some compound that has escaped our attention entirely is concerned. Further studies which are not yet completed, on the purification and properties of this coenzyme, so far seem to confirm the general nature of the reaction as we have presented it here. SUMMARY Cells of Streptococcus faecalis, strain B33A, a riboflavin-requiring strain, contain approximately 2.5 times more riboflavin when grown aerobically than when grown anaerobically. Cultures grown aerobically and transferred to a fresh medium under aerobic conditions do not form free H202 in the medium regardless of the riboflavin content. Cultures grown anaerobically and transferred to a fresh medium under aerobic conditions form considerable amounts of free H202, the quantity of which bears a direct relationship to the amount of riboflavin supplied initially in the medium. After a short time of exposure to aerobic conditions, the peroxide initially formed is disposed of, provided that sufficient oxidizable substrate is available to supply reduced carrier. If the substrate is not ample, the remaining peroxide will not be utilized.
Evidence is presented to indicate that in cultures having the peroxidative ability, the disposal of free peroxide takes place by a reaction with a reduced flavin compound. Exposure of the culture to oxidative conditions appears to stimulate the formation of some compound which acts as a co-peroxidase. Extracts of aerobically-grown cells yield a heat-stable coenzyme which when added to anaerobically-grown cells enables them to dispose of added H202 in the presence of glucose. These extracts do not react per se with added H202.
